1. Introduction {#sec1-life-09-00013}
===============

Oxygenic photosynthesis revolutionized life on earth by providing an endless source of energy and electrons for carbon dioxide fixation and by changing the composition of the atmosphere that enabled the development of multicellular life forms. Thylakoid membranes, the membrane system of oxygenic photoautotrophs, convert solar energy to biochemical energy via an electrochemical potential that drives ATP synthesis. The enzyme composition of thylakoid membranes is for the most part very similar in cyanobacteria, algae, and higher plants. Algae and higher plants have separate cellular compartments for photosynthesis and respiratory energy conversion. In cyanobacteria, the thylakoid membrane, where oxygen is produced, and the cell membrane, where most of the respiratory enzymes are located, are discrete zones of the same continuous membrane system \[[@B1-life-09-00013]\]. Some of the respiratory enzymes are equally distributed between the two membrane domains in cyanobacteria, making the bioenergetics of these organisms complex and fascinating.

Several cyanobacterial strains are able to fix atmospheric nitrogen into ammonia. This is made by the enzyme nitrogenase, in an extremely ATP-demanding reaction:

To protect the nitrogenase from being inactivated by oxygen, nitrogen fixation has to be kept separated from photosynthetic oxygen formation either spatially or temporally. Some filamentous strains keep the nitrogenase away from the oxygen rich surroundings by differentiating a fraction of the cells into so-called heterocysts, where nitrogen fixation can take place in a safely microoxic environment \[[@B2-life-09-00013],[@B3-life-09-00013]\]. In the heterocysts, Photosystem II (PSII) is necessarily inactivated, so the electron source for nitrogen fixation is provided by vegetative cells in the filament. Carbohydrates originating from photosynthetic carbon fixation are transported from the vegetative cells into the heterocysts where they are metabolized by the enzymes in the oxidative pentose phosphate cycle, generating NADPH \[[@B4-life-09-00013],[@B5-life-09-00013],[@B6-life-09-00013]\].

Exactly which pathway the reducing equivalents take from there before they are fed to the nitrogenase by ferredoxin is still a matter of debate \[[@B7-life-09-00013]\]. This question has gained in importance during the past decade, as heterocysts have become attractive candidates for being used as host compartments for oxygen-sensitive biosynthetic production \[[@B8-life-09-00013],[@B9-life-09-00013]\]. To engineer non-native energy-consuming processes so that they are energy-efficient and non-harmful to the host, it is helpful to understand the bioenergetics of heterocysts and how reductants are utilized. The aim of this review is to shed some light on energy flows in the heterocyst and to indicate new research directions.

2. Enzymes in the Heterocyst Thylakoids {#sec2-life-09-00013}
=======================================

Heterocysts differentiate from the mature vegetative cells that are actively photosynthesizing in filamentous cyanobacteria \[[@B10-life-09-00013]\]. The metabolism of the heterocyst is very different from the vegetative cells. During differentiation, a large number of genes are divergently regulated, and a thick cell wall is created to reduce the gas diffusion rate across the cell boundaries \[[@B11-life-09-00013],[@B12-life-09-00013],[@B13-life-09-00013]\]. For reasons that are not well understood, the thylakoid membranes themselves also undergo morphological changes that seem to involve some re-distribution of proteins \[[@B14-life-09-00013]\]. The enzyme composition of the thylakoid membrane in the heterocyst is not very different from that in vegetative cells, regarding which enzymes are there, but the amounts and relative stoichiometries of these enzymes change during heterocyst differentiation \[[@B15-life-09-00013],[@B16-life-09-00013]\]. An additional membrane domain develops close to the polar nodules during heterocyst differentiation, dubbed "honeycombs" due to their appearance. These are rich in terminal oxidases which contribute to maintaining the microoxic environment. Because of this functional distinction from the thylakoid membranes, the polar honeycombs are outside the scope of this review (but see \[[@B14-life-09-00013],[@B17-life-09-00013],[@B18-life-09-00013]\]). Several proteomic and spectroscopic studies have been done in order to understand the role of the thylakoid membrane in heterocyst bioenergetics, but detailed information on the dynamics and interrelationships of the energy-converting enzymes is still lacking.

2.1. Photosystem II {#sec2dot1-life-09-00013}
-------------------

The oxygen-sensitivity of the nitrogenase demands that oxygen is actively removed from the heterocysts, explaining their high dependency on respiration. The removal of either terminal oxidases or heterocyst-specific flavodiiron proteins will cause the impairment of nitrogen fixation, as these are involved in oxygen scavenging \[[@B17-life-09-00013],[@B19-life-09-00013],[@B20-life-09-00013]\]. Since oxygen evolution from PSII cannot be tolerated in heterocysts, it is often erroneously assumed that heterocysts lack PSII altogether. This misconception stems partly from early investigations, where harsh isolation methods unintentionally damaged the photosynthetic enzymes more than the nitrogenase, and resulted in the misunderstanding that heterocysts are brownish rather than green in color and completely lacking in chlorophyll-*a* fluorescence emission \[[@B21-life-09-00013]\]. More recently, single cell spectroscopy has shown that heterocysts emit chlorophyll-*a* (Chl-*a*) fluorescence to lower but still comparable levels, as in vegetative cells \[[@B18-life-09-00013],[@B22-life-09-00013]\]. Intact PSII complexes have been found in heterocysts from the cyanobacterium *Nostoc punctiforme* (PCC 73102/ATCC 29133, henceforth referred to as *N. punctiforme*). The purified heterocyst thylakoids were active in electron transport from the artificial electron donor DPC (1,5-diphenylcarbazide) to DCPIP (2,6-dichlorophenol indophenol) \[[@B15-life-09-00013]\]. This activity is known to be specific for PSII-based electron transfer, but no water oxidation could be detected.

To preserve a microoxic environment then, PSII is seemingly only inactivated, not absent, in the heterocyst. Absorption and fluorescence spectral imaging performed on heterocysts in vivo showed that Chl-*a* fluorescence in heterocysts is dominated by Photosystem-I (PSI), but PSII-based fluorescence could still be observed \[[@B22-life-09-00013]\]. In addition, the protein composition of PSII is to a large extent the same as in vegetative cells. Interestingly, in a large-scale proteomic analysis only the PsbW subunit was found in significantly lower amounts in heterocysts \[[@B16-life-09-00013]\]. This protein has been shown to play a role in the formation and stabilization of the supramolecular organization of PSII in higher plants \[[@B23-life-09-00013]\]. Exactly how inactivation of PSII is accomplished in heterocysts is not understood, but the loss of PsbW indicates that the mechanism for inactivation involves disruption of the supramolecular organization. Although the abundance of PSII in heterocysts is less than in vegetative cells, results suggest that the complexes are largely intact and could be re-activated.

2.2. Photosystem I {#sec2dot2-life-09-00013}
------------------

The nitrogenase reaction requires large amounts of ATP: for each N~2~ molecule that is reduced, the enzyme needs 16 ATP molecules to be hydrolyzed. The ATP requirement makes biological nitrogen fixation very nearly as energy-demanding as the industrial Haber--Bosch process \[[@B24-life-09-00013]\]. The driving force for ATP synthesis is provided by PSI, which is highly active in the heterocyst, leading to a significantly higher nitrogenase activity under illumination than in the dark \[[@B25-life-09-00013],[@B26-life-09-00013],[@B27-life-09-00013]\]. PSI drives light-induced electron transport from plastocyanin or cytochrome-c on the lumenal side, via ferredoxin to NADP+ on the cytoplasmic (stromal) side of the thylakoid membrane. In addition to this one-way electron donation to NADP+, PSI also performs so-called cyclic electron transport, where reducing equivalents from PSI are transferred to the plastoquinone pool, via the NADH dehydrogenase-like enzyme NDH-1. The reduced form of plastoquinone (plastoquinol) is re-oxidized by the cytochrome-*b*~6~/*f* (Cyt-*b*~6~/*f*) complex, and electrons are carried from Cyt-*b*~6~/*f* back to PSI by plastocyanin, which closes the circle.

Although some ATP synthesis can take place in the dark, via respiration or the glycolysis pathway, it has been established that the main ATP production in the heterocyst is driven by light reactions in the heterocyst thylakoids \[[@B25-life-09-00013],[@B28-life-09-00013],[@B29-life-09-00013]\]. PSI consists of a heterodimer of the homologous transmembrane subunits PsaA and PsaB, as well as several accessory subunits. The necessity of PSI in heterocysts is underscored by the large increase in the abundance of PSI protein subunits during heterocyst differentiation and in the mature heterocysts \[[@B16-life-09-00013],[@B30-life-09-00013]\]. Cyclic electron transport (CET), which fuels the proton gradient without generating NADPH, is an important role for PSI in all cyanobacteria and in plant chloroplasts, where it is essential for the survival of the plant \[[@B31-life-09-00013],[@B32-life-09-00013]\]. It has been argued that CET is the only PSI-based electron transport in the heterocyst, and the only mechanism of ATP generation. However, linear electron transport is possible in the heterocyst. After carbohydrates are transported from the vegetative cells into the heterocysts, they are metabolized in the oxidative pentose pathway to generate NADPH, which supplies enough reducing equivalents for nitrogenase to reduce N~2~ all the way to NH~3~ (Equation (1)) \[[@B33-life-09-00013],[@B34-life-09-00013]\]. It is possible, but not evident, that electrons are fed through the thylakoid membrane via the proton-pumping NDH-1 complex, thus generating some ATP on their way to nitrogenase (see below). This possible electron transport route is different from how the bioenergetic mechanisms of heterocysts are generally described but offers some interesting engineering options that are discussed later.

2.3. Cytochrome-b~6~/f {#sec2dot3-life-09-00013}
----------------------

Cyanobacterial nitrogenase activity is stimulated by light. Early on, there was some ambiguity as to whether or not the immediate stimulation of nitrogenase by light was due to light reactions inside the heterocysts, or the photosynthetic activity in the vegetative cells. When it was shown that nitrogenase activity in isolated heterocysts can be interrupted by addition of dibromothymoquinone (DBMIB), an inhibitor of the cytochrome-*b*~6~/*f* (Cyt-*b*~6~*f*) complex, it became clear that it is the heterocyst thylakoid membranes that provide the driving force for ATP-synthesis \[[@B7-life-09-00013],[@B35-life-09-00013]\]. The occurrence of the Cyt-*b*~6~*f* complex in the biosphere is limited to cyanobacteria, green algae, and plants. Its structure and function is similar to the respiratory *bc*~1~-complex in mitochondria and other bacteria, but has some structural features and cofactors that are not found in *bc*~1~-complexes \[[@B36-life-09-00013]\].

The Cyt-*b*~6~*f* complex oxidizes plastoquinone and contributes to the build-up of a transmembrane proton gradient. The pool of plastoquinone molecules in the membrane is reduced by PSII during linear electron transport, but is also recycled during CET. Which enzyme complexes that partake in CET varies significantly between the kingdoms, with major differences between higher plants, green algae, and cyanobacteria, and the details remain obscure. In green algae, it has been established that CET can proceed from PSI, via ferredoxin directly to the Cyt-*b*~6~*f* complex, and from there carried back to PSI. Electron transport from ferredoxin to Cyt-*b*~6~*f* has not been established in plant thylakoids, however. In cyanobacteria, the NDH-1 complex seems to play an important role for CET, but the details of how the NDH-1 and/or Cyt-*b*~6~*f* complexes are communicating with PSI during CET are still debated \[[@B37-life-09-00013]\].

In heterocysts, the situation is even more unclear. Nitrogenase activity measurements in isolated heterocysts showed that the Cyt-*b*~6~*f* complex is essential for nitrogen fixation \[[@B35-life-09-00013]\]. The details of which route the reductants take are still not known, however, and it has never been experimentally established that CET is the only light-driven mechanism for ATP production (see discussion in [Section 3](#sec3-life-09-00013){ref-type="sec"}). In heterocyst-specific proteomic studies, several protein subunits of the Cyt-*b*~6~*f* complex were found in higher amounts in heterocysts than in vegetative cells, similar to the situation of PSI proteins that were also increased \[[@B15-life-09-00013],[@B16-life-09-00013]\]. What can be concluded is that the Cyt-*b*~6~*f* complex is essential for ATP production and thereby for nitrogen fixation.

2.4. Ferredoxins {#sec2dot4-life-09-00013}
----------------

Ferredoxins are small, soluble electron transport proteins that are not permanently part of any membrane protein complex, but their central role in photosynthetic electron transfer grants them a special place in this overview. Ferredoxins, characterized by their redox-active iron-sulfur (FeS) cluster centers, mediate electron transfer in a range of metabolic reactions. Cyanobacteria possess a varying number of ferredoxins depending on the species. The primary electron acceptor from PSI in all oxygenic photosynthetic organisms is the so-called "plant-type" ferredoxin, often referred to as Fd-I, which contains a \[2Fe-2S\] cluster that can be reduced in a one-electron reaction from a formal charge of −2 to the −3 state. Under conditions of linear electron transfer, Fd-I carries one electron at a time from PSI to the ferredoxin-NADP-reductase (FNR), which reduces NADP to NADPH in a two-electron reaction.

The heterocystous cyanobacteria have evolved a second plant-type ferredoxin, FdxH, which is exclusively expressed in the heterocyst. Although the two ferredoxins have a modest 53% sequence identity, the overall protein structure and the \[FeS\]-cluster of FdxH is very similar to that of Fd-I. The major difference between FdxH and Fd-I is the redox potential, which is approximately 50 mV more positive in FdxH than in Fd-I \[[@B38-life-09-00013],[@B39-life-09-00013]\]. Calculations of protein surface charges have suggested that FdxH, but not Fd-I, can associate with nitrogenase in a way that is constructive for electron transfer. Fd-I appears to be insufficient in promoting nitrogen fixation in vitro, in spite of its more negative midpoint potential, yet an *fdxH* deletion strain of *Nostoc*/*Anabaena* sp. PCC 7120 was still able to grow diazotrophically \[[@B40-life-09-00013],[@B41-life-09-00013],[@B42-life-09-00013]\].

In all oxygenic photosynthetic organisms, Fd-I associates with FNR to reduce NADP+ to NADPH. In heterocysts, on the other hand, NADPH is formed by the oxidative pentose phosphate pathway. It has been proposed that NADPH reduces Fd via FNR directly, without involvement of PSI or the thylakoid electron transport chain. This is a thermodynamically unfavorable reaction except when the NADPH/NADP+ ratio is very high, as it is likely to be in the heterocysts \[[@B43-life-09-00013],[@B44-life-09-00013]\]. Still, this explanation cannot account for the fact that nitrogenase activity can be inhibited by DBMIB, which blocks electron transport from the Cyt-*b*~6~*f* complex \[[@B35-life-09-00013]\].

Several cyanobacterial strains are known to express two different isoforms of FNR. The two isoforms differ in size and are both transcribed from the same gene, *petH*. In *Nostoc/Anabaena* sp. PCC 7120 (henceforth referred to as *Nostoc* PCC 7120), *petH* has two alternative transcriptional start points that determine the length of the translated amino acid chain \[[@B45-life-09-00013],[@B46-life-09-00013],[@B47-life-09-00013]\]. Transcripts for the small isoform have been found in nitrogen fixing filaments and in heterocysts \[[@B48-life-09-00013]\]. In a comparative study between the non-diazotrophic cyanobacterium *Synechocystis* PCC6803 and the nitrogen-fixing strain *Anabaena variabilis*, the two isoforms were quantified under different growth conditions. It was concluded that the small isoform accumulates in nitrogen-fixing cultures and is predominantly found in the soluble cell fraction, whereas the larger isoform is transcribed under normal, photosynthetic conditions and is localized to the membrane fraction \[[@B49-life-09-00013]\]. It has therefore been concluded that the soluble form of FNR could provide a shortcut for electron transfer from NADPH to nitrogenase via FdxH, while the membrane-bound form of FNR would be too fixed at the membrane surface to make electron transfer to nitrogenase efficient enough. On the other hand, the association between ferredoxin and FNR is not permanent, and unless there are other unknown protein factors keeping them together there is nothing to prevent FdxH (or Fd-I if it is present) from donating electrons elsewhere. There are also other possibilities for electron donation from FdxH that should be considered, which will now be discussed.

2.5. The Type-1 NADH Dehydrogenase {#sec2dot5-life-09-00013}
----------------------------------

The existence of the NADH dehydrogenase (NDH-1) was discovered as a part of the cyanobacterial thylakoid membrane in the mid 1980s, two decades after the photosystems \[[@B50-life-09-00013],[@B51-life-09-00013]\]. The NDH-1 is an adaptive enzyme that can have a slightly different composition depending on metabolic requirements. Blue native gel electrophoretic separation of thylakoid protein complexes, in combination with mass spectrometry, has enabled the characterization of different variants of NDH-1 in cyanobacteria (reviewed in \[[@B37-life-09-00013]\]). Some variants are thought to be prevalent in the thylakoid membranes close to the photosynthetic enzymes and to be involved in CO~2~ concentration. Other subunit compositions of NDH-1 are more common in membrane regions where respiration dominates. The structure of the cyanobacterial NDH-1 has been modeled on the respiratory Complex-1, based on results from membrane proteomics and comparisons between the crystal structure of Complex I and the single-particle imaging of cyanobacterial NDH-1 \[[@B52-life-09-00013],[@B53-life-09-00013]\].

The NDH-1 complex is involved in CET, where reducing equivalents are transferred from PSI back to the quinone pool in the thylakoid membrane \[[@B37-life-09-00013]\]. In plant thylakoid membranes, the NDH-1 has been known to form supercomplexes with PSI, possibly enhancing the CET efficiency. Anything similar has so far not been observed in cyanobacteria, but the NdhP subunit of the NDH-1 complex can improve CET efficiency by sustaining a coupling with PSI \[[@B54-life-09-00013]\].

Many efforts have been made to discover the identity of the electron-donating partner to NDH-1. In mitochondria, the electron donor to Complex I is NADH or NADPH, and the electron acceptor is ubiquinone. The cyanobacterial NDH-1 has been found to perform NADPH-dependent electron transfer to plastoquinone, and others and we have argued that NADPH would be the electron donor to NDH-1 in cyanobacteria \[[@B7-life-09-00013],[@B55-life-09-00013],[@B56-life-09-00013]\]. On the other hand, homologues to the NADH-binding domain in mitochondrial Complex I are missing from cyanobacterial NDH-1, and recent studies indicate that the direct electron donor to NDH-1 is ferredoxin \[[@B37-life-09-00013]\]. In chloroplasts of *Arabidopsis thaliana*, NADPH-dependent plastoquinone reduction was shown to be dependent on the presence of ferredoxin, and a protein, CRR31, was found to be necessary for the high-affinity binding of ferredoxin to plastid NDH-1 \[[@B57-life-09-00013],[@B58-life-09-00013]\]. In cyanobacteria, a small protein that is homologous to the C-terminal of CRR31, denoted NdhS, has been found in the hydrophilic, n-side, domain of NDH-1 complexes. It seems to be conserved across the phylum and has been shown to interact with Fd-I in vitro \[[@B59-life-09-00013],[@B60-life-09-00013]\].

In heterocysts, several of the soluble and membrane-bound protein subunits from NDH-1 have been detected \[[@B15-life-09-00013],[@B16-life-09-00013]\]. As with PSI and Cyt-*b*~6~*f*, the NDH-1 proteins were found in a higher abundancy in heterocysts than in vegetative cells. Together with the other proteins that are upregulated in heterocysts, this indicates that NDH-1 is needed to support CET in heterocysts, as in vegetative cells. However, because the cyanobacterial NDH-1 complex is exposed not just to the photosynthetic proteins but also to the entire cytoplasm, it may also play a role in directing reductants from other metabolic pathways to the thylakoid membrane. Despite its main role in the heterocyst, it could also participate in linear electron transfer from ferredoxin to nitrogenase. Interestingly, the NdhS subunit was identified from *N. punctiforme* (Npun_R5164) in a heterocyst-specific proteomic study, and was also similarly upregulated in comparison to the other NDH-1 proteins \[[@B16-life-09-00013]\]. This leads to the interesting inference that not only is NDH-1 essential for heterocyst function, but it is most likely dependent on ferredoxin as its electron donor in the heterocyst as well.

3. Balancing the Electron/Proton Budget {#sec3-life-09-00013}
=======================================

How can we reconcile the need for ferredoxin to support CET, with the need for efficient electron transfer from NADPH to nitrogenase, if ferredoxin is the primary electron donor to both NDH-1 and nitrogenase? The high consumption of energy and reductants by nitrogenase would seem to demand tightly controlled routes of electron transport. It is easy to picture the heterocyst-specific FdxH as feeding electrons exclusively to nitrogenase, while the photosynthetic Fd-I is participating in CET around PSI. Experimental evidence for this is lacking, however, and proteomic analyses have failed to quantify the amount of Fd-I and FdxH in heterocysts \[[@B16-life-09-00013],[@B30-life-09-00013]\]. The redox potential of the iron protein (NifH), which is the part of nitrogenase that accepts electrons from ferredoxin, has not been determined in cyanobacteria. Even in *Azotobacter vinelandii*, a better-studied model strain for nitrogen fixation, difficulties of determining the physiologically relevant reduction potential are prevailing. Measurements in vitro have indicated that the Fe-S cluster of NifH in the "resting" state has a midpoint potential of approximately −310 mV, and that this shifts by at least 100 mV to the negative upon nucleotide binding \[[@B61-life-09-00013],[@B62-life-09-00013]\]. If the NifH in heterocystous cyanobacteria has a similar reduction potential, it is possible for FdxH to act as a reductant within its physiologically relevant potential \[[@B38-life-09-00013],[@B39-life-09-00013]\].

As already described, nitrogenase is not the only available electron acceptor. The NDH-1 complex offers itself an equally favorable electron-accepting partner. Which of the two final acceptors "wins" the electron might depend on the reduction level, the physical proximity, or both. Since the nitrogenase reaction is rather slow, the NDH-1 complex may provide a suitable passage for some of the reducing equivalents arriving at its threshold. The possibility of adding an electron flux to the proton translocating processes may prove this flexibility in electron transport pathways to be an advantage.

As noted above, the ATP which is provided to nitrogenase is almost exclusively synthesized by light-driven processes in the heterocyst. Aproton gradient across the heterocyst thylakoid membrane is built up via light reactions and provides the driving force for the membrane-bound ATP-synthase \[[@B28-life-09-00013],[@B29-life-09-00013]\]. The energy requirement for ATP synthesis depends on the magnitude of the gradient, the concentrations of ATP and ADP, and on the H+/ATP ratio of the ATP synthase \[[@B63-life-09-00013]\]. In addition, the H+/ATP ratio depends on the size of the c-ring in the membrane domain (F~0~) of ATP synthase, where protons from the lumenal side of the membrane are translocated to the stromal/cytoplasmic side. The subunit composition of the c-ring has been investigated in several cyanobacterial strains, including the heterocystous strain *Nostoc* PCC7120 and was found to contain on average of 14 copies of the c-subunit in most cyanobacteria \[[@B64-life-09-00013]\]. This implicates that 4--5 H+ need to be translocated across the membrane per ATP molecule that is synthesized. This is a lower ATP/H+ ratio than in the mammalian mitochondrial ATP-synthase, but similar to that in plant thylakoids. ATP synthesis in thylakoid membranes is thus more weakly coupled to electron transfer than in mammalian respiratory chains, meaning that more electrons have to be transported through the thylakoid membrane to generate a sufficient proton gradient for ATP synthesis to occur.

By analogy with what is known about the mitochondrial Complex I, every two electrons that are donated by ferredoxin to NDH-1 in the thylakoid membrane should result in the translocation of 4 H+ to the lumenal side. The Cyt-*b*~6~*f* complex has the same e-/H+ stoichiometry. This means that one ATP molecule---at most---can be obtained when one electron is donated by ferredoxin and transported through the thylakoid membrane. CET, on the other hand, may produce enough ATP independently of electron transport from NADPH. Thus, transporting all electrons from ferredoxin via the thylakoid membrane may be an unfavorable detour, considering that the nitrogenase reaction demands two ATP molecules for every reduction. The alternative is then that electrons are donated directly from the FNR/Fd reaction to the nitrogenase without passing the thylakoid membrane, as was suggested above.

The classical picture where ATP is generated purely via CET, independent of electron transfer to nitrogenase, is appealingly simple. Nevertheless, the nitrogenase reduction reaction is painstakingly slow, and the fate of a reduced ferredoxin will inevitably be decided by redox equilibria as well as by kinetics. If all NifH proteins have been reduced, a pool of reduced FdxH may turn to deliver electrons to NDH-1 ([Figure 1](#life-09-00013-f001){ref-type="fig"}). What is missing is a detailed picture of the supramolecular organization of enzymes inside the heterocysts. We know almost nothing of where or how enzymes are located relative to each other, and a full understanding of heterocyst bioenergetics will be lacking until this can be revealed.

4. Heterocysts as Cell Factories {#sec4-life-09-00013}
================================

4.1. Biotechnological Uses of Heterocysts {#sec4dot1-life-09-00013}
-----------------------------------------

The interest in heterocystous cyanobacteria has increased during the past decade. The oxygen-free environment offered by the heterocysts, in combination with an increasing arsenal of molecular biology tools for heterocyst-specific expression, has made the exploitation of heterocysts as cell factories an interesting option \[[@B65-life-09-00013],[@B66-life-09-00013]\]. With photosynthesis as a base energy provider, the option for energy-lean and additive-free production becomes an attractive possibility, in particular for energy applications \[[@B67-life-09-00013]\]. Biofuel production from genetically engineered cyanobacteria is a promising route towards a carbon-neutral fuel production and independence from fossil fuels. What needs to be considered is the carbon source, which needs to be imported from vegetative cells, and whether economizing the ATP and reductants available in heterocysts can be improved.

### 4.1.1. Alcohol Production {#sec4dot1dot1-life-09-00013}

Cyanobacteria have been engineered for the production of chemicals that can be used directly as fuels, such as ethanol and butanol, albeit at low production efficiencies \[[@B68-life-09-00013],[@B69-life-09-00013]\]. Production of ethanol via fermentation generally occurs under low oxygen pressure, and it can therefore be challenging to combine ethanol production with oxygenic photosynthesis, or at least with full photoautotrophic growth. Fermentative metabolism is not the normal growth mode for the unicellular cyanobacterium *Synechocystis* PCC 6803, but it is possible to grow it under photoheterotrophic, or completely heterotrophic conditions in darkness, using glucose as a carbon source \[[@B70-life-09-00013],[@B71-life-09-00013]\]. *Synechocystis* PCC 6803 is known to possess an endogenous enzyme resembling alcohol dehydrogenase, AdhA, which is essential for heterotrophic growth and which can be activated towards ethanol production \[[@B72-life-09-00013],[@B73-life-09-00013]\].

A way to increase ethanol production under photoautotropic conditions is to clone existing ethanol production pathways into the heterocysts of filamentous cyanobacteria. In a recent study, pyruvate decarboxylase of *Zymomonas mobilis* and the alcohol dehydrogenase *adhA* from *Synechocystis* sp. PCC 6803 were expressed in heterocysts of *Nostoc* PCC 7120. An unusually high ethanol production was then observed simultaneously with nitrogen fixation \[[@B74-life-09-00013]\]. Interestingly, when the utilization of sucrose in the heterocysts was increased by expressing the invertase *invB* under a heterocyst-specific promoter, the *Anabaena* strain expressing *invB* showed the highest ethanol production that could be obtained, all other things being equal. Although this increased the availability of reductants in the heterocysts, the ethanol production was still limited by the photosynthetic production in the vegetative cells. The available CO~2~ was therefore increased from atmospheric concentration to 1%, and evaporated ethanol was at the same time stripped from the cultures to avoid ethanol poisoning. This led to a seven-fold increase in the ethanol production, and the productivity continued for a longer time. The authors did not show which of the two changes had the greatest effect on the production, or if the productivity could be further enhanced by higher CO~2~ concentrations.

### 4.1.2. H~2~ Production {#sec4dot1dot2-life-09-00013}

Hydrogen gas (H~2~) is a fuel that is projected to become an important alternative to fossil fuels. When H~2~ is burned, or used in a fuel cell, the only waste product is water vapor, so a major effort to use H~2~ as energy carrier can have a positive environmental impact. One possibility for sustainable production of H~2~ is offered by photosynthetic microorganisms, and research in cyanobacterial H~2~ production has increased rapidly since the beginning of the 21st century. Most hydrogenases are very sensitive to inactivation by oxygen, however, and H~2~ production by unicellular cyanobacteria can therefore only be accomplished in the dark or by strict control of the photosynthetic apparatus. Heterocystous cyanobacteria produce some H~2~ naturally by the nitrogenase reaction, and several attempts to increase nitrogenase-based production have been made \[[@B27-life-09-00013],[@B75-life-09-00013]\].

H~2~-production from nitrogenase has poor energy efficiency, and efforts to increase it, such as manipulating the metal content or excluding N~2~ from the atmosphere, will inevitably be detrimental to nitrogen fixation and growth. Heterologous expression of hydrogenases in heterocysts is therefore an attractive alternative. This has been applied by the heterologous expression of \[FeFe\] hydrogenases from, e.g., the facultative anaerobe *Shewanella oneidensis* and from *Clostridium acetobutylicum* in the heterocysts of *Nostoc* PCC 7120 \[[@B9-life-09-00013],[@B76-life-09-00013]\]. Due to the considerable oxygen sensitivity of HydA from *C. acetobutylicum*, in vivo activity from the engineered strain could only be observed by inhibiting PSII activity with DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea) or by expressing the oxygen scavenger cyanoglobin in the heterocysts \[[@B9-life-09-00013]\]. H~2~ evolution could then be sustained for 100 h, which is good but somewhat puzzling. Nitrogenase activity measured in several heterocystous cyanobacteria during diurnal light--dark cultivation, or during inhibition of PSII by DCMU, showed that acetylene reduction by nitrogenase could be sustained for about 6 h after the onset of "night" or the inhibition of PSII, respectively \[[@B33-life-09-00013],[@B77-life-09-00013]\]. Although the specific time span for the depletion of intracellular carbon supplies might be prolonged, the question beckons to be answered of how reductants could be available to HydA in heterocysts for the duration of the experiment by Avilan et al. \[[@B9-life-09-00013]\].

In a different study, a modified variant of the uptake hydrogenase HupSL, a NiFe enzyme, was homologously expressed in heterocysts of a HupSL^-^ variant of its native host strain *N. punctiforme* \[[@B78-life-09-00013]\]. A point mutation in the hydrogenase small subunit, HupS, was shown by EPR spectroscopy to result in a conversion of one of the FeS clusters in HupS, from a \[4Fe-4S\] cluster into a \[3Fe-4S\] cluster. The modified hydrogenase was introduced on an expression vector, under a synthetic heterocyst-specific promoter. In the beginning of the cultivation period after removal of nitrate, the in vivo H~2~ evolution was indistinguishable from nitrogenase-based H~2~ evolution. After four days, however, when the activity and energy consumption by nitrogenase started to decline, a sustained H~2~ production was observed in the strain carrying the modified hydrogenase. The result demonstrated that, as long as reductants are not totally consumed by nitrogenase, prolonged H~2~ production from an engineered hydrogenase can be supported in a photoautotrophically growing cyanobacterium.

4.2. Squeezing the Electron Budget {#sec4dot2-life-09-00013}
----------------------------------

A major limitation with using heterocysts as cell factories lies in the limited availability of reductants and/or carbon sources. This may be alleviated by increasing the external CO~2~ pressure, which increases the carbon supply for photosynthesis in the vegetative cells, or by enhancing sugar breakdown in the heterocysts \[[@B72-life-09-00013],[@B74-life-09-00013]\]. A more sophisticated method is to introduce synthetic metabolic pathways to increase the rate of CO~2~ fixation by the Calvin--Benson--Bassham cycle, which was recently and elegantly shown to enhance ethanol production in *Synechocystis* PCC 6803 \[[@B79-life-09-00013]\].

If reductants are the limiting factor, one way of making the most of a tight electron budget in the heterocysts could be to restrict electron transport to nitrogenase. The heterocyst-specific ferredoxin FdxH ([Section 2.4](#sec2dot4-life-09-00013){ref-type="sec"}) is important for efficient electron donation to nitrogenase, but an FdxH deletion mutant was still able to grow diazotrophically at a reduced rate \[[@B42-life-09-00013]\]. With a lower electron donation rate to nitrogenase, other production pathways could be favored. This was shown in the study where a modified uptake hydrogenase was expressed in heterocysts of *N. punctiforme* and produced H~2~ after the nitrogenase activity had started to decline \[[@B78-life-09-00013]\].

There may be a different strategy, which so far is mainly on the drawing table. It involves the ring stoichiometry of the ATP synthase. The proton gradient across the thylakoid membrane is coupled mechanically to ATP synthesis by the rotation of the ring of c-subunits in the membrane domain (F~0~) of ATP synthase. Each c-subunit translocates one proton from the lumenal side during a full 360° rotation of the ring, leading to the synthesis of three ATP molecules. The proton requirement for ATP synthesis thus depends on the number of c-subunits \[[@B80-life-09-00013]\]. The subunit composition of the c-ring varies largely between the kingdoms, and the smallest rings consisting of eight c-subunits have so far only been found in mammals. The H+/ATP ratio for mammalian ATP synthase is 2.7, whereas in bacterial enzymes where the ring can contain up to 15 c-subunits, the ratio is as high as 5. If the H+/ATP ratio could be lowered, it would mean a better electron "economy" since fewer reducing equivalents would be needed for generating the transmembrane proton gradient.

A recent investigation of c-subunit structure and inter-subunit interactions in the ATP synthase of *Ilyobacter tartaricus* revealed that a conserved motif of glycines (GxGxGxGxG) promote dimerization and had a direct effect on the c-subunit stoichiometry \[[@B64-life-09-00013]\]. By introducing mutations in this motif, it was possible to alter the stoichiometry from c~11~ to c~12~ and concomitantly increase the H+/ATP ratio from 3.7 to 4. It is too early to say if it would be possible to alter a bacterial c-ring to resemble the mammalian assembly or if it would be possible to drive ATP synthesis in a bacterium with it.

5. Conclusions {#sec5-life-09-00013}
==============

The bioenergetics of the thylakoid membranes in heterocysts is still far from being as well known or investigated as that of the "normal" photosynthesizing cyanobacterial cells. The growing interest for heterocysts as cell factories evokes questions about energy utilization by heterocystous cyanobacteria, and about how it can be made more efficient for biotechnological applications. The aim of this review was to cast light over different aspects of heterocyst bioenergetics and to provide some starting points for further engineering endeavors.
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![Possible electron transfer pathways in the heterocyst, from carbohydrate breakdown to nitrogenase, involving the thylakoid membrane. Adapted from \[[@B7-life-09-00013]\]. OPP = oxidative pentose phosphate pathway; FNR = ferredoxin/NADP+ reductase; Fd = ferredoxin; *b*~6~/*f* = the cytochrome-*b*~6~/*f* complex; PSI = Photosystem I; N~2~ase = nitrogenase. The blue (light) Fd denotes Fd-I, and the red (dark) Fd is the heterocyst-specific FxdH. The light-colored FNR denotes the long form of FNR, the darker-colored denotes the truncated, or short, form of FNR.](life-09-00013-g001){#life-09-00013-f001}
